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This study reports vibrating-reed measurements of Young’s modulus and internal friction made as a
function of temperature, from 50-400 K, on single-crystal whiskers of Bi,Sr,CaCu,0, with T, =75 K.
The modulus along a is found to be lower than any earlier reported value for this material. Comparisons
are made to results of previous work conducted by different methods and on platelet samples with higher

T,.

I. INTRODUCTION

The high-temperature superconductor,
Bi,Sr,CaCu,0,, has attracted recent attention because of
its numerous interesting elastic phenomena. Vibrating-
reed measurements on platelets have revealed a small
anomaly in the sound velocity at the superconducting
transition and several unexplained internal friction peaks
have been observed at temperatures of 145, 225, and 285
K, along with associated variations in the Young’s
modulus."? Ultrasound studies on larger crystals and
polycrystals have shown a variety of other, possibly relat-
ed, attenuation peaks.3’4 Static stress measurements on
whiskers show a large elastic region and provide evidence
for a ferroelastic phase transition in the range from 270
to 330 K.> In addition, this crystal phase has for some
time been known to possess intrinsic strain caused by an
incommensurate modulation along its b crystallographic
direction.®™3

This study reports investigations using the vibrating-
reed technique on whiskers of this material with a super-
conducting transition temperature of about 75 K. Com-
parisons are made to results of previous work on samples
with higher T,, and the temperature range of observa-
tions is extended up to 400 K.

II. EXPERIMENTAL TECHNIQUE

Our samples are whiskers of Bi,Sr,CaCu,O,, which
were grown by a powder sintering process described else-
where.” Two separate batches of whiskers were provided
to us, one by Jung and Franck, the other by Marone.
Typical dimensions of a whisker are 1000X20X2 um?.
The growth direction lies parallel to the a axis, whereas
the shortest dimension is parallel to the c axis.!° The
whiskers are single crystal and have been identified as
having a superconducting transition temperature of 75 K
by Jung and Franck.’

Our measurements were made with the vibrating-reed
technique. Each specimen was affixed to a mount in a
cantilever configuration (i.e., one end free) with a drop of
silver paint. The mechanical resonance frequencies and
width of each resonance were then determined. For a vi-
brating bar, Young’s modulus Y and resonant frequency
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f, are related by
Y=(a2l*p/t?)f?, (1)

where [ is the sample length, ¢ the thickness, and p the
density (about 6.7 g/cm? for Bi,Sr,CaCu,0,). The con-
stant «, is determined by the boundary conditions and
mode of vibration, and by the shape of the whisker’s
cross section. For fixed-end/free-end boundary condi-
tions, the fundamental mode, and a rectangular cross sec-
tion, a=6.2 (Ref. 11). The internal friction, a measure of
the rate of energy dissipation during vibration, is the in-
verse of the quality factor and can be determined from
the width of the resonance at the half-power points Af
(Ref. 12):

1/7Q=Af/f, . (2)

Note that because the long direction of our whiskers
corresponds to the a axis, we are measuring the modulus
along that direction exclusively, and not a combination of
a- and b-direction moduli as reported by others who have
worked on platelet samples.

III. RESULTS AND DISCUSSION

We find the magnitude of the Young’s modulus to be
quite low in these whiskers. It is difficult to obtain very
accurate values for absolute moduli due to uncertainties
in both the measurement of the very small sample dimen-
sions and the uniformity of these dimensions over the en-
tire sample length. However, the results of Eq. (1) are
certainly good to better than half an order of magnitude.
All whiskers we have checked (a total of six) have given a
modulus between 3 and 10 GPa. This is lower than all
previously reported values for the modulus in this materi-
al. Nes et al. have observed moduli of 70 and 30 GPa by
vibrating-reed measurements on platelets,"”> while Tritt
et al. have used a static pulling technique to find a
modulus of 5-20 GPa on the same whiskers used for this
study.!?

In the platelet studies, no effort was made to determine
the orientation of the a and b axes, and thus those moduli
represent uncertain mixtures of the elastic constants
along these two directions S;;. Our finding that the
modulus is very low along a suggests that the 30 GPa
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platelet result is probably due primarily to S; and the 70
GPa result to S,,. It would be useful to repeat the plate-
let measurements on oriented samples to verify this con-
clusion. If correct, this is an unusually large difference in
elastic constant between two directions that are very
similar crystallographically (a =5.41 A, b=5.42 A).
Furthermore, it seems to run counter to ultrasonic data*
that indicate the moduli in the two directions to be both
roughly equivalent and greater than 100 GPa, much
higher than the vibrating-reed finding.

It is possible that this situation could be accounted for
by the existence of antiphase domains, first reported by
Fung et al.'* These planes of abrupt mismatch between
lines of atoms occur only perpendicular to a, and could
be a source of mechanical relaxation. This relaxation
manifests itself as a reduced modulus, provided the ap-
plied stress is both low enough in frequency to allow time
for relaxation to occur, and polarized in a direction that
can drive the relaxing entity. A specific relaxation mech-
anism could, for example, involve motion of oxygen
atoms at the antiphase boundary induced by stress or gra-
dients in the stress. Vibrating-reed experiments have so
far only been performed on Bi,Sr,CaCu,O, at low fre-
quencies, below 10 kHz, which may allow relaxation. Ul-
trasound, on the other hand, has not been tried below 5
MHz which may be too quick. Measurements in the fre-
quency range from 10 kHz to 1 MHz, could confirm or
deny this hypothesis if a monotonic increase on a
modulus was observed along with a peak in internal fric-
tion.

The discrepancy between vibrating-reed and the static
measurements does not appear very great, but if real, it
may be related to the fact that the static method makes
its measurements at much larger values of strain (about
1% as compared with 0.001%). It may be possible that
there is a mechanism that absorbs stress easily at low
strain, but which saturates at high strain, such as read-
justment of the incommensurate superlattice.

We have measured resonant frequency and internal
friction (under diffusion pump vacuum) as a function of
temperature. Our findings are as follows.

Consistent with earlier reports, we observe no soften-
ing in modulus or feature in the internal friction at the
superconducting phase transition. Unfortunately these
data were not precise enough to allow investigation of the
possibility of a discontinuity in the logarithmic derivative
of the resonant frequency as others have seen.!2

We observe the peak in internal friction at 145 K (Fig.
1). Nes et al. first reported this feature for samples with
T, of 93.2 and 83.8 K, and conjectured that since the
temperature of the peak did not depend on T, it was
probably not related to the superconducting transition.'
This measurement on a specimen with T, of 75 K further
supports this hypothesis.

This peak is usually accompanied by a steeper slope of
the resonant frequency with respect to temperature in the
vicinity of the peak. This feature resembles the step
change in modulus that is characteristic of Debye relaxa-
tion.”> To investigate this possibility we subtracted an
extrapolated background from both the frequency and
friction data,'® then normalized the data to represent the
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FIG. 1. Resonant frequency and internal friction as a func-
tion of temperature in whisker No. 4; solid line is a fourth-order
fit to the frequency behavior well above 145 K; dashed line is
the fourth-order fit to friction behavior on either side of the 145
K peak.

real and imaginary parts of the modulus (Fig. 2). Plotted
in this way, the change in Re(Y) from one side of the
peak to the other would be equal to twice the peak height
of Im(Y) if a single Debye process were at work. We
conclude that the change in modulus is probably too
great to be explained in this manner, even for a distribu-
tion of relaxation rates.!”

In two samples we have seen a decrease in the frequen-
cy near the 145 K friction peak (Fig. 3). The size of this
effect decreases as the frequency of the mode observed in-
creases.

It is possible that the frequency behavior near 145 K,
shown in Figs. 1 and 3, are the result of a localized dip in
modulus (perhaps associated with a displacive phase tran-
sition, as suggested by Wang et al.),* but that in only a
few samples is the behavior strong enough to overcome
the strong monotonic trend of the background. Howev-
er, in this case it is difficult to understand why the size of
the dip varies with the mode, or why the modulus does
not recover to the same level below the transition for all
modes.

In the authors’ view, the modulus behavior in Fig. 1
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FIG. 2. Real and imaginary parts of the modulus anomaly at
145 K. The increase in the real part would only be twice the
peak height of the imaginary part for a single Debye relaxation
process.
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FIG. 3. Modulus, normalized to its value at 200 K, as a func-
tion of temperature for three different resonances on whisker
No. 11.

below 150 K looks like a monotonic increase above the
background with the shape of an order parameter, while
that of Fig. 3 appears to be a (smeared out) downward
step. These two types of behaviors correspond to two
distinct coupling interactions between strain and order
parameter (OP), as discussed by Rehwald.'® The source
of these two different behaviors is uncertain. However,
the ultrasound work showed two different behaviors
based on the direction of sound propagation.* Therefore
it is possible that, whereas all whiskers that have so far
been checked have been found to grow along a>!° the
whiskers which exhibit a downward jump may have, all
or in part, grown along b. (90° twist boundaries that re-
verse the orientation of a and b have been observed in
Bi,Sr,CaCu,0,.") In this case the mode dependence of
the size of the discontinuity could be due to sample inho-
mogeneity, as portions of the reed near vibrational nodes
will make less of a contribution to the net modulus.

We have also observed the internal friction peak previ-
ously reported near 225 K."2 However, it often exhibited
great hysteresis, being large during warming, but small or
nonexistent during cooling. Wang et al. also reported
some hysteresis in their ultrasound data in this tempera-
ture range.4

We observed no obvious friction peak near 280 K. Nes
et al. noted that this peak was less visible in their lower
T, sample.! As the T, of these whiskers is lower still, its
absence further establishes this trend.

No unusual features were observed in the vicinity of
the proposed displacive phase transition.® The measure-
ments that detected the transition, while performed on
whiskers from the same batches that we studied, were
made at large static stresses, relative to those in vibrating
reeds, and the behavior observed was characterized by a
time constant of several seconds. The reported effects
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FIG. 4. Resonant frequency vs temperature on whisker No.
5.

may be stress induced.

On one whisker we extended our investigation upward
to 400 K (Fig. 4). The frequency continued to curve
downward, while the friction increased linearly up to 380
K. Above this temperature the friction began to climb
much more rapidly, and the frequency curves sharply
downward. The cause of this behavior is not yet under-
stood.

IV. CONCLUSION

Whiskers of Bi,Sr,CaCu,0O, appear to have a lower
Young’s modulus than that reported for platelet samples.
We speculate that the lattice is soft along a, the direction
in which the whiskers grow, and believe that varying re-
ports on the size of the modulus in platelets are caused by
a failure to orient them in a specific direction. The
source of the softness along a may be mechanical relaxa-
tion at antiphase boundaries. Observations of various
internal friction peaks in this 7. =75 K sample have been
compared with similar observations in higher-T, plate-
lets, helping to establish trends implicit in that data.
Above 380 K, a strong upturn in internal friction has
been observed.
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